ABSTRACT 10 Attempts to model ASR expansion are usually limited by the difficulty of taking into account 11 the heterogeneous nature and size range of reactive aggregates. This work is a part of an 12 overall project aimed at developing models to predict the potential expansion of concrete 13 containing alkali-reactive aggregates. The paper gives measurements in order to provide 14 experimental data concerning the effect of particle size of an alkali-reactive siliceous 15 limestone on mortar expansion. Results show that no expansion was measured on the mortars 16 using small particles (under 80 µm) while the coarse particles (0.63-1.25 mm) gave the largest 17 expansions (0.33%). When two sizes of aggregate were used, ASR-expansions decreased with 18 the proportion of small particles. Models are proposed to study correlations between the 19 measured expansions and parameters such as the size of aggregates and the alkali and reactive 20 silica contents. The pessimum effect of reactive aggregate size is assessed and the 21 consequences on accelerated laboratory tests are discussed. 22 spite of all these studies, it is difficult to generalize about the effect of the particle size of 44 reactive aggregates, since conflicting results exist concerning the most damaging size that 45 leads to the highest ASR expansion. All the results available in the literature were obtained 46 using different experimental conditions and the effects due to coupling with other important 47 parameters, such as Na/Si ratio, have been often neglected. 48
parameters, such as Na/Si ratio, have been often neglected. 48
A few papers deal with the effect of size for reactive siliceous limestone [6, 8, 9, 19] . This type 49 of aggregate has been used in many damaged structures in France. Therefore, in order to test 50 models to predict the potential expansion of concrete containing such alkali-reactive 51 aggregates, tests have been performed to provide experimental data on the effect of particle 52 size of an alkali-reactive siliceous limestone on mortar expansion. This paper presents the 53 experimental results (expansion measurements performed over more than 500 days at 60°C) 54 and gives data necessary for model development. 55
Sixteen mix-designs were studied and special attention was paid to the proportions of alkalis 56 (Na2Oeq) in the mixtures and reactive silica in the aggregate. First, the paper presents the 57 experimental conditions of the tests. Then, the measurements of ASR-expansions are 58 presented in two parts: experiments on mortars containing one reactive size distribution (0-59
EXPERIMENTAL RESULTS 132

Size effect 133
The experimental results are presented in Figures 2 and 3. The ASR-expansions presented in 134 these figures were obtained by subtracting the expansion of the reference mortar (without 135 reactive aggregate) from the total expansion, as already proposed by some authors [21] [22] [23] . 136
The long-term expansion of the reference mortars was 0.03%. The kinetics of the ASR-137 expansions measured for 500 days are given in Figure 2 . After 500 days of exposure at 60°C 138 and 95% R.H., mortars containing small reactive particles (0-80 and 80-160 µm) showed 139 ASR-expansions lower than about 0.01% (Figure 3 ). ASR-expansions were measured for all 140 the other mortars using particles larger than 160 µm: 0.057% for 160-315 µm reactive 141 particles, 0.315% for 315-630 µm particles, 0.328% for 630-1250 µm particles and 0.267% 142 for 1250-2500 µm particles. 143 144
Effect of fine reactive aggregate 145
Measurements of the ASR-expansions were taken for more than 500 days for the two alkali 146 contents (Figures 4 and 5) . The ASR-expansions presented were obtained by subtracting the 147 expansion of the reference mortar from the total expansion. The long-term expansions of the 148 reference mortars were 0.02% and 0.03% for the low and the high alkali contents, 149 respectively. For the two alkali contents, the mortars containing only the large reactive 150 particles (M7) showed the largest ASR-expansions. Figure 6 shows the last ASR-expansion 151 measured, related to the amount of fine reactive particles in the mortar mixtures. ASR-152 expansion decreased with the amount of fine reactive particles in the mortars: the more fine 153 reactive particles the mortar contained, the smaller was the ASR-expansion. 154 155
MODEL AND DISCUSSION 156
The models presented in this section aim to improve the understanding of the experimental 157 results obtained in the first part. The first model assesses the asymptotic expansion of mortars 158 containing only one size (first set of experiments) or the mixture of two sizes (second set of 159 experiments) of reactive aggregates. In order to integrate the dependence of swelling over 160 time, a second model is then proposed. It will be shown that for a given duration of test and a 161 given alkali content, the expansion is maximized for a specific range of aggregate size 162 (pessimum effect). However, the time-dependent model does not consider the mixture of 163 aggregates of different sizes for the moment. Finally, it should be noted that the fitted 164 parameters supplied here are only applicable for the aggregate studied in this paper. For this reactive limestone, no ASR expansion was measured for small reactive particles (less 169 than 160 µm). ASR-expansion appeared for particles having diameters greater than 160 µm 170 (Figure 3) . However, for the same content of reactive particles, the expansion was smaller for 171 the 160-315 µm reactive particles than for the 315-630 µm reactive ones. The critical particle 172 size that caused ASR-expansions was around 200 and 300 µm. ASR-expansions increased 173 with the size of reactive particles between 0 and 630 µm. The ASR-expansion was very 174 similar for the 315-630 µm particles and for the 630-1250 µm ones. Finally, the larger 175 reactive particles showed lower expansions (Figure 3 ). This pessimum effect, which has 176 already been observed for other reactive aggregates [10, 13] , is assessed in the last part of this 177
paper. 178
The expansion of the mortar is caused by the expansions of the ASR-gels. It can be assumed 179 that this expansion is caused by the volume variation of the aggregate (in presence of gel). For 180 the sake of simplicity, it is assumed in this paper that the mortar expansion due to ASR ( ASR ε ) 181 is proportional to the aggregate expansion (equation 1). For several sizes of reactive particles, 182 the aggregate expansion is the sum of the expansions of all the reactive aggregates. k is the fraction of expansion due to ASR related to the expansion of reactive aggregates. 189
190
The mortar expansion is assumed to be due to the aggregate expansion. If k=1, the mortar 191 expansion is equal to the aggregate expansion (weighted by the volume fraction of reactive 192 aggregates in the mortar). In reality, k has to be equal to or lower than 1, since the mortar 193 expands less than the aggregate due to the mechanical effect of cement paste. The decrease of 194 the value of the parameter k corresponds to the increase of the restraint of the cement paste on 195 the aggregate. During ASR, when the aggregate swells, the cement paste is subjected to 196 tensile stresses. Therefore, the effect of restraint is limited and the parameter k should not be 197 too small. The combination of equations 1 to 5 for only one class of reactive particles (first set of 252 experiments) leads to the equation 6. 253 The results of the calculations of the parameters are given in Table 2 Table 2 ). The larger the cement paste restraint is, the 267 larger the volume of ASR-gel must be to obtain significant expansion; and if there is a lot of 268 gel, lc has to be large to prevent expansion for the small reactive particles. For the values of 269 the parameter k higher than 0.1, the value of the parameter lc ranges between 11 and 91 µm. 270
Although the cement paste largely restrains the aggregate, this calculation can explain the 271 increase of expansion with the size of the reactive particles. 272
273
To sum up, the model developed in this section assumes that the increase of ASR-expansion 274 with the size of reactive particles can be explained by the effect of the porosity connected to 275 the reactive aggregate. A porous crown of thickness lc around the reactive aggregate, which is 276 connected to the gel formation site, is defined. The volume of porosity to be filled around 277 each particle of radius Ri before the expansion starts is given by equation 3. Figure 8 shows 278 the total volume of porosity to be filled ( The calculation can be generalized for different sizes of reactive aggregates and different 286 alkali contents. Figure 9 shows the expansion of mortar prisms for (20 < R < 1000 µm) and (3 287 < AC < 10 kg/m 3 ). It can be seen that expansion increases linearly with the alkali content and 288 non-linearly with the aggregate diameter. It could be concluded, abusively, from this figure 289 that large aggregates and large alkali contents should lead to the highest expansion amplitude. 290
However, even if a large aggregate presents a large expansion in this graph, a long test 291 duration is needed in reality to obtain the final expansion amplitude, due to the long diffusion 292 time for alkalis to reach the center of the particle (the porosity of this aggregate is less than 293 1%). In contrast, for small aggregates, alkali ingress is faster and the reaction occurs rapidly, 294 but the porous crown delays the expansion. 295
A pessimum size should exist for which the expansion is maximum for a given duration of 296 test. This pessimum is obtained when the size of the aggregate is large enough to fill the 297 connected porosity and the aggregate is completely attacked by the alkalis (while the larger 298 sizes are not). In order to gain a better understanding of these phenomena, a time-dependent 299 expansion model is proposed in section 4.2. 300 301 4.1.2 Effect of fine reactive aggregate on asymptotic expansion 302
For mortars containing two sizes of reactive particles, the larger the content of reactive 303 aggregate was, the smaller were the ASR-expansions (Figure 6 ). In fact, the increase of the 304 proportion of reactive aggregate was due to the increase of the smallest reactive particles (0-305 80 µm), while the proportion of the largest reactive particles (1250-3150 µm) was the same. 306
The previous part showed that the smallest reactive particles did not cause expansion, but the 307 largest ones expanded greatly. As the content of large particles was the same for all the five 308 mortars (for one alkali content), expansions could be expected to be similar. However, the 309 experimentation showed that the expansion decreased with increasing content of the small 310 reactive particles. This effect has already been shown on concrete [32] and can sometimes be 311 explained by the consumption of the alkalis by the small reactive particles. When aggregate 312 powders are dispersed in a cement paste they release silica, resulting in a lowering of the 313 Ca/Si ratio in C-S-H. It has been established that the ability of these low Ca/Si C-S-H to fix 314 alkalis is enhanced. The depletion of free alkalis lowers the pH of the pore solution and, 315 consequently, reduces the attack of reactive aggregates. Finally the expansion is reduced or 316 suppressed. However, it should be noted that this explanation is not satisfactory in all cases: 317 some alkali-releasing mineral admixtures can inhibit the reaction, or sometimes only retard it 318 (e.g. high alkali fly ashes). 319 320 Calculations were performed using equations 1 to 5 for the two alkali contents and the two 321 size classes of the second set of experiments, without any supplementary fitting. Figure 10  322 gives the measured expansions versus the expansions assessed with the model with the 323 parameters determined for k=1 in the previous part ( Table 2) . As shown in Figure 10 , the 324 model gives values not too far from the measured expansions. The mean deviation between 325 calculated and measured expansions is about 18%. It can be partly explained by the deviation 326 between the model and the measurements for the largest particle for the parameter determined 327 in the previous part. The value calculated for the largest particle was about 30% higher than 328 the measurement (Figure 7) . The overestimation of the expansion of coarse particles thus 329 leads to an overestimate of the expansions of mortars containing mixtures of fine and coarse 330
aggregates. 331
The model uses only proportionality between the parameters of volume of gel, alkali content 332 and reactive aggregate content. It appears to be efficient for assessing ASR-expansions in this 333 case for which mix designs and environmental conditions are perfectly known. 334 335
Time-dependent expansion model 336
In order to improve the model, it is decided to use a time-dependent model which allows us to 337 (take into account) or (explain) the pessimum effect of coarse aggregates. A simplified 338 diffusion model is chosen, which does not consider the mixture of aggregates of different 339
sizes. 340
The simplest way to introduce the time effect in the previous model is to model 
The combination of equations 1 to 5 and 7-8 for only one class of reactive particles leads to 362 the time-dependent model given by equation 9. 363 amount of alkali, the dependence of the expansion on the aggregate size can be seen as a 382 pessimum effect. For these simulations, the expansion at 50 days is maximal for a reactive 383 aggregate radius around 200-250 µm. This maximal expansion depends on the alkali content; 384 it moves to 350 µm if alkali content is close to 6 kg/m 3 . After longer times, the pessimum size 385 increases (500-600 µm), since the alkali has had time to progress inside the aggregate. 386 Figure 12 gives the expansion curves for test durations up to 500 days and several aggregate 387 radii, the alkali content being 8.1 kg/m 3 . This Figure shows that expansion curves are 388 stabilized only for aggregates having radii of less than around 300 µm. 389 390 4.3 A synthesis of the part model and discussion 391
The asymptotic expansion and time dependent models summarize the main experimental 392 observations given in the previous sections. They allow some important phenomena linked to 393 the size of reactive aggregate to be interpreted easily. Firstly, the decrease of expansion for 394 13 small aggregates is interpreted through the porous crown effect. Secondly, the slower 395 expansion rate for large aggregates is explained using the alkali ingress kinetics. 396
It is interesting to note that the understanding of the pessimum effect of reactive aggregate 397 size can be useful when fixing the parameters of accelerated laboratory tests. The model 398 highlights the possibility of maximizing expansion, and consequently minimizing the test 399 duration, by appropriate choices of both the alkali content and the aggregate size. This size 400 must be sufficient to attenuate the connected porosity effect without making the duration of 401 the test too long. 
